Chalcogenide phase change materials, known primarily through their application in optical data storage, are receiving renewed interest for applications in electronic memory due to their unusual electrical properties. The amorphous phase can be transformed into one or more crystalline phases through electrical heating. The rapid and repeatable switching among phases provides a remarkable contrast in the electrical resistivity and modifies the contribution of electrons to thermal conduction. The chalcogenide compound Ge 2 Sb 2 Te 5 provides a special opportunity to study parallel heat conduction by electrons and phonons. Two crystalline phases feature similar acoustic properties but dramatically different electrical conductivities and, in the hexagonal close packed phase, electrons and phonons contribute comparably to heat conduction. When bounded by metals in thin film form, Ge 2 Sb 2 Te 5 provides the further opportunity to examine nearinterfacial electron-phonon coupling and energy conversion through the electrical and thermal boundary resistances. There are thermal conductivity data for films of Ge 2 Sb 2 Te 5 in its various phases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and even dedicated studies of the interface resistance of these films with dielectrics 2,7,11,15 and metals. 13 However, a study of the complex interplay of electron and phonon transport within the volume and through the interface requires parallel electrical transport measurements of the volume and interface in these films. Here, we use electrical and thermal measurements to separate the electron and phonon contributions to thermal transport of Ge 2 Sb 2 Te 5 films in the amorphous, face-centered cubic (fcc), and hexagonal close-packed (hcp) phases. We select TiN as the bounding metal conductor owing to the extensive additional characterization of this specific electrical conductor for phase change memory application. 16 For clarity here, we refer to phonon transport in all three phases even though this approach is questionable for the amorphous phase considering the short mean free path values compared to the wavelength.
The thermal conductivity and thermal boundary resistance are measured by picosecond time-domain thermoreflectance, which captures the unique signatures in the temporal temperature decay associated with the film and the interface, respectively. The electrical resistivity and specific contact resistance are each measured by three independent techniques including the Cross-Bridge Kelvin Resistor (CBKR), and Linear and Circular Transfer Length Methods.
Samples for the heat conduction measurements are prepared by depositing blanket films of TiN, Ge 2 Sb 2 Te 5 , and TiN without breaking the vacuum (Fig. 1) . The Ge 2 Sb 2 Te 5 films are deposited by sputtering in argon ambient at chamber pressure 5 mT for the thicknesses of 30 nm and 150 nm. A 50-nm aluminum (Al) film is deposited as a photothermal transducer layer. Samples for the electrical measurements are prepared by patterning Ge 2 Sb 2 Te 5 and TiN electrodes designed for each measurement technique (Fig. 2) . The samples are deposited at room temperature and annealed at varying temperatures from 25 C to 300 C before the measurements.
Picosecond time-domain thermoreflectance temporally confines the heated region to the TiN-Ge 2 Sb 2 Te 5 -TiN sandwich structure (Fig. 1) . The thermoreflectance experimental details for can be found elsewhere. 17 The thermal properties at different points within the stack affect different time domains of the thermal decay trace. From $0.5 to $2.5 ns after the pump pulse arrives, the thermal resistance of the top The interfacial form of the Wiedemann-Franz Law (WFL) has been verified recently through experiments on bimetal interfaces. 18 Here we extract the electron component from a bilayer in which phonon transport is likely significant. We measure the electrical contact properties using three techniques that are standard in the electrical engineering community. The Cross-Bridge Kelvin Resistor structure ( Fig. 2(a) ) allows direct measurement of specific contact resistance by forcing the current through one pair of Ge 2 Sb 2 Te 5 and TiN legs and measuring the contact voltage in the other pair of legs. 19, 20 The contact area misalignment due to process variations and lateral current crowding effect can lead to measurement errors. 20, 21 The linear transfer length method (TLM) structure ( Fig. 2(b) ) measures both the electrical resistivity and the specific contact resistance (q c ) by utilizing the transfer length (l t ), which is defined as the distance the current flows through Ge 2 Sb 2 Te 5 under the TiN contact. Assuming the sheet resistance (R sh ) of Ge 2 Sb 2 Te 5 is much larger than that of TiN, the transfer length can be estimated by l t ¼ (q c /R sh ) 1/2 . The specific contact resistance is extracted from the measured resistances as a function of the gap spacing, assuming all contacts are identical. Since the linear-TLM structures can be affected by parasitic current in non-isolated regions, we also used the circular-TLM (Fig. 2(c) ). Compared to the CBKR, the TLMs are more suitable for non-uniform contact resistances and less sensitive to the misalignment, but the uncertainty depends on the sheet resistance measurement. The three independent measurement techniques validate the results for each other and offer consistent information.
X-ray diffraction (XRD) provides information about the crystal structure for Ge 2 Sb 2 Te 5 films at different temperatures (Fig. 3 ). The Ge 2 Sb 2 Te 5 films deposited at room temperature are amorphous and show no observable crystal peaks up 100 C. The Ge 2 Sb 2 Te 5 films begin crystallize to the fcc phase at temperatures from 110 to 150 C depending on the annealing time and the film thickness. Figure 3 reported in many studies 1-15 including our prior work 6, [13] [14] [15] and attributed to enhanced acoustic properties of the fcc phase. The data for amorphous and highly disordered crystalline materials agree well with predictions from the minimum thermal conductivity model, which describes thermal transport as a random walk of localized oscillators. 26 At temperatures greater than the Debye temperature, a model for the minimum thermal conductivity can be expressed as (1) with our data in the amorphous and fcc phases suggests that atomic vibrations govern transport. The acoustic properties of the hcp and fcc phases are very similar. The hcp phase, however, has a thermal conductivity well above the value determined using Eq. (1), and this is additional contribution is almost certainly due to the dramatic difference in the electron transport properties of the two phases.
The WFL has been used to estimate electron contribution to the thermal conductivities of metals, semi-metals, metallic alloys, and degenerate semiconductors including chalcogenide materials. 8, 18, [27] [28] [29] The WFL has recently been extended to metal films of thickness down to 7 nm 29 and to metal-metal interfaces. 18 The literature, on balance, does support the application of the WFL with the Sommerfeld value of the Lorenz number (L o ¼ 2.44 Â 10 À8 WXK
À2
) for the case of degenerate semiconductors when the carrier concentration is higher than 10 19 cm À3 at room temperature. 28 The carrier concentration of our hcp Ge 2 Sb 2 Te 5 films ranges from 8.2 Â 10 19 cm À3 to 1.5 Â 10 20 cm À3 . 23 The WFL (k e ¼ (L o T)/q) and the electrical resistivity (q) data show that the electron contribution to the thermal conductivity in Ge 2 Sb 2 Te 5 films is negligible in the amorphous phase but increases up to 13% in the fcc phase and up to 70% in the hcp phase. For hcp Ge 2 Sb 2 Te 5 films, the presence of a significant electron contribution to the thermal conductivity, 0.87 Wm À1 K À1 estimated by the WFL and our measured electrical resistivity (8.39 Â 10 À6 X-m), explains the large increase in the measured thermal conductivity. The thermal conductivity in the hcp phase increases with increasing annealing temperature due to the increase in the carrier concentration and to the reduction in the concentration of other phases. This is consistent with our electrical resistivity data and previous work on the thermoelectric properties, which demonstrated the impact of carrier concentration and phase purity on electron transport. 23 Table I summarizes the thermal conductivity findings and shows the significantly increased role of electron transport in the hcp phase. We find much support for this hypothesis from complementary predictions of the phonon thermal conductivity (Eq. (1)) and the electron thermal conductivity (WFL), as described above. While previous studies make similar assessment for the crystalline phases, 3, 4, 8 this is the only report considering the intrinsic components of thermal and electrical transport by separating out the respective interface contributions.
The thermal boundary resistance of the fcc and the hcp Ge 2 Sb 2 Te 5 films cannot be distinguished considering the experimental uncertainty (Fig. 4) . This is not surprising considering the similar acoustic properties in the two phases, but raises questions about the importance of the electron transport through the interface. The electron thermal boundary resistance (R b,e ) can be estimated by the boundary form of
18, 30 The electron transport across the interface of Ge 2 Sb 2 Te 5 films increases by more than five orders of magnitude after crystallization and slightly improves with higher annealing temperatures. 31 The specific contact resistance measured by the CBKR and TLM structures (see Fig. 2 ) for fcc Ge 2 Sb 2 Te 5 prepared by annealing at 200 C is 84 6 8 X-lm 2 and for hcp Ge 2 Sb 2 Te 5 prepared by annealing at 300 C is 7 6 2 X-lm 2 . Even with the substantial reduction in the specific contact resistance, the electron transport contributes less than 2% for the boundary thermal transport. This explains the similar thermal boundary resistance in the fcc and the hcp phases despite the large contrast in thermal conductivity. FIG. 4 . Room temperature thermal conductivity and thermal boundary resistance of Ge 2 Sb 2 Te 5 films as functions of annealing temperature. While the thermal conductivity of fcc phase agrees well with the minimum thermal conductivity law, the thermal conductivity of hcp phase is much larger due to electron transport predicted by the WFL. However, the thermal boundary resistances of the both phases are similar because phonons govern thermal transport across the interfaces. The specific contact resistance measurements for crystalline Ge 2 Sb 2 Te 5 , from 25 to 300 C, show weak dependence on the temperature and indicate that the electron transport is dominated by tunneling. Combining the electron tunneling model 32 with the WFL, we can express the electron boundary resistance as
where h is the reduced Planck's constant, / b is the barrier height, m* is the effective mass of tunneling electrons, e r is the dielectric constant, N is the carrier concentration, and q c,1 is the specific contact resistance with infinitely large carrier concentration, which is used here to simplify the form. 33 The equation shows that electron transport strongly depends on the carrier concentration (log R b,e $ N À1/2 ) and the barrier height (log R b,e $ / b ). The barrier height for crystalline Ge 2 Sb 2 Te 5 does not depend on the metal work function, 31 possibly due to Fermi level pinning and the potential presence of a large trap density. Therefore, our data may suggest that the electron contribution to boundary thermal transport may generally be negligible between Ge 2 Sb 2 Te 5 and all of the likely metals with which it might be combined.
Since phonons dominate the boundary thermal transport, the diffuse mismatch (DMM) models can describe the thermal boundary resistance in different phases of Ge 2 Sb 2 Te 5 films. The DMM is a simplified approach that assumes all phonons are diffusely scattered at the interface. 37 While many variations of these models exist, the DMM using measured heat capacity data better captures experimental results for Ge 2 Sb 2 Te 5 films
where R b,p is the phonon boundary resistance, C 1 is the heat capacity of material 1, and v i,j is the velocity of phonon mode j in material i. The model implicitly assumes the same form of density of states on both sides of the interface and the results depend on the material assignment. 38 for the hcp Ge 2 Sb 2 Te 5 . The DMM captures the phase dependence, which is governed by the changes in sound velocity but does not accurately match the data (Table II) . The discrepancy is partly due to the fact that the original model was developed in the low temperature limit and required high quality interfaces. 37 The close match between the data and the DMM value for samples with a high temperature anneal suggests that the large mismatch for samples with a low temperature anneal is potentially due to imperfections near the interface and contacts. The process dependent defects can be reduced by high temperature deposition and their impact on thermal transport needs further investigation.
At metal-semiconductor and metal-dielectric interfaces, an additional thermal resistance may become important due to electron-phonon coupling. 34, 35 We assume that direct coupling of electrons in the metal and phonons in the nonmetal at the interface does not offer a significant pathway because the electron heat capacity is about three orders of magnitude smaller than the phonon heat capacity. Since the electron boundary resistance is much greater than the phonon boundary resistance, electrons transfer energy to phonons before the phonons transfer the energy across the interface. The electron-phonon coupling can increase the overall resistance of electron dominated materials, but our data suggest that the coupling resistance is very small in Ge 2 Sb 2 Te 5 films by showing the similar thermal boundary resistance between the fcc and the hcp phases. However, at temperatures higher than the Debye temperature, i.e., 580 K for TiN, 35 the electron-phonon coupling resistance may become important because it scales by T 1/2 while phonon and electron boundary resistances do not increase with temperature.
We have separated the phonon and electron contributions to volume and interface heat conduction in the three phases of Ge 2 Sb 2 Te 5 films. While atomic vibrations dominate thermal conduction in the amorphous and the fcc films, electrons dominate in the hcp film. The phonons govern boundary thermal transport of Ge 2 Sb 2 Te 5 interfaces with TiN in all three phases including the electron dominated hcp phase. This study provides guidelines for understanding the complex interplay of electron and phonon transport for chalcogenides with metallic interfaces. 
